We report on the Raman and photoluminescence characterization of three-dimensional 2
Introduction
Because of its extreme physical properties, diamond is a very attractive material for micromachining. The range of applications includes scanning probe tips [1, 2] , microand nano-electromechanical devices (MEMS, NEMS) [3, 4] and micro-fluidics [5] . In optics, it has found applications in micro-devices [6, 7] and high power laser technologies [8] . Diamond also exhibits a vast inventory of luminescent centers [9] : some of these are very suitable for single photon sources [10, 11] and quantum information processing [12, 13] . However, the fabrication of micro-devices to exploit such attributes is technologically challenging. Diamond microstructures have been fabricated with different techniques based on selective growth/ablation of CVD diamond films with masking and moulding methods [1, 2, 4, 5] . In addition, laser and Focused Ion Beam (FIB) machining have been employed to pattern microstructures directly into diamond [3, 14, 15, 16] .
A FIB-assisted lift-off technique, which can be used to create three-dimensional micron-sized cantilever and waveguide structures in single-crystal diamond, has recently been reported by us [17] . The technique was inspired by the diamond lift-off technique, which was initially developed as a method to remove thin layers from bulk diamond samples [18] . This was subsequently employed for laser-assisted micromachining of CVD diamond in two-dimensional micro-gears [19] . Our technique is based on MeV ion implantation combined with thermal annealing to create a buried sacrificial layer at a well-defined depth. Patterned milling with a FIB is used to expose defined regions of the buried layer and selective chemical etching results in subsequent lift-off. A final thermal 3 annealing step is employed to remove residual damage produced in the fabrication. In the present work we review the fabrication process and report on the photoluminescence (PL) and Raman characterization of the microstructures.
FIB-assisted lift-off technique
The samples used were artificial diamonds produced by Sumitomo. The crystals were cut and polished from large single-crystals which were synthesized under ultra-high pressure and temperature (HPHT). All sides of the sample have 100 face orientation, and the crystal is classified as type Ib; the nitrogen concentration is 10-100 ppm, as reported by the manufacturers. were implanted at a fluence of 1.5×10 17 ions cm -2 using a raster scanning ion beam which was focused to a micrometer-sized spot, providing optimal homogenous ion fluence. The ion beam current was approximately 9 nA, and the implantation of a 100×100 m 2 region required around 4.5 min to achieve the desired fluence. The nuclear collisions creating lattice defects occur mainly at the end-of range of the implanted ions [20] , leaving the surface intact. In the case of 2 MeV He + ions in diamond, a highly damaged layer is created at a depth of 3.5 m. Fig. 1 shows the ion-induced damage density profile, (TRIM) Monte Carlo simulation code [21] .
In the simulation, the value of the atom displacement energy was set to 50 eV [22, 23] , while the damage density profile corresponds to the ion fluence of 1.5×10 17 ions cm -2 .
Following ion irradiation, the implanted regions were patterned with a focused 30 keV Ga + ion beam. The FIB was employed to mill trenches with sub-micron width, which connected the buried highly damaged layer to the sample surface in shapes defined by the ion beam lithography system. To achieve this conductive carbon tape was attached to the sample surface in close vicinity of the patterned region to eliminate significant deflection or de-focusing of the ion beam due to local charging. The ion current used during the micromachining was 2.7 nA and the spot had sub-micrometer size. [25] , however the FIB technique allows the machining of microstructures with spatial resolution down to a few tens of nanometers.
After the FIB patterning, the samples were thermally annealed at a temperature of 550 C in air for 1 hour. When the damage density is above a critical threshold, the diamond crystal structure cannot be recovered upon thermal annealing [26, 27] . Thus, after annealing, a heavily damaged layer buried at the end of ion range, converts to a non-diamond phase, while in the other regions the crystal structure is partially restored.
Diamond is characterized by high chemical inertness, while non-diamond phases, including amorphous and graphitic carbon phases, can be selectively etched with different techniques, such as annealing in an oxygen atmosphere [18] , wet chemical 5 etching [28, 29] and electrochemical etching [30] . Therefore, after the sacrificial buried layer was exposed to the sample surface through the milled trenches, the samples were etched for 1 hour in boiling acid (1 The samples were completed with a final annealing step to remove the residual damage caused by ion implantation and the FIB-micromachining. The samples were annealed at a temperature of 1100 °C in forming gas (4% H 2 in Ar), which was used to prevent high-temperature oxidation of the diamond surface.
Characterization
The multimoded waveguiding behavior of bridge structures like the one shown in Fig. 2d is reported elsewhere [17] . However residual ion induced damage could degrade the device properties and prevent the effective application of our method in this and other devices where the extreme properties of single-crystalline diamond are most relevant (namely, quantum optical devices and high frequency MEMS and resonators). We therefore performed a detailed investigation of the structural and optical properties of our devices as reported here.
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Raman Spectroscopy. A Renishaw micro-spectrometer was employed to collect Raman spectra in a confocal geometry, with =325 nm excitation light from a He-Cd laser. Such excitation wavelength was chosen in order to avoid the stimulation of a broad NV luminescence background caused by ion implantation a nitrogen rich diamond sample, as experienced with 514 nm excitation. The laser light was focused to a spot diameter 1 m, with intensity 200 kW cm -2 ; the Raman signal was recorded with a multichannel collection system, with spectral resolution 1 cm -1 . Fig. 3 shows the Raman spectra collected at different stages of the sample processing. As shown in Fig. 3 , a pronounced peak at 1635 cm -1 is observed only in the ion implanted regions after the initial 550 °C annealing. Its intensity is 49% of the first order Raman intensity. Such a peak has previously been observed in MeV ion implanted single crystal diamonds and has been attributed to a radiation point defect, the so--8 sp 2 -bonded carbon pair occupying the position of one sp 3 -bonded carbon atom in the regular diamond lattice [31] . It has been reported that the position of the peak shifts to lower wavenumbers with increasing damage, ranging from 1635 cm -1 to 1617 cm -1 in highly damaged samples [32] . The measured position of the peak again indicates a damage density in the shallow implanted regions <1×10 20 vacancies cm -3 . It is worth noting that the peak was not observed in the implanted sample, and it was effectively removed after the final 1100 °C annealing. Such peculiar annealing behavior can be explained by the fact that the peak arises from the local mode frequency of a well-defined point defect. The implanted structure is randomly distorted, while the dumb-bell defect is formed upon thermal annealing at temperatures higher than C, and annealed back at temperatures higher than 600 °C.
While -structure, the random distortion of the crystalline structure induced by ion implantation is reflected in broad Raman features located below 1400 cm -1 . If disorder is introduced in a crystal structure, the loss of long-range order causes uncertainty of the crystal momentum and a breakdown of the wave-vector selection rules. Therefore in diamond, besides the zone center (q=0) line at 1332 cm -1 , other vibrational modes can contribute to the firstorder Raman scattering. In these conditions, the first order Raman spectrum is directly related to the Vibrational Density of States (VDOS) of diamond, which extends below 1400 cm -1 [33] , weighted by mode coupling constants between the vibrational band and the excitation light. Thus, the Raman intensity I as a function of frequency shift can be expressed as [34] : The reduced Raman spectrum is expected to qualitatively match the diamond VSDOS, since the different Raman-scattering coupling constants are not taken into account. Fig. 5 shows the reduced Raman spectra from the implanted sample and after subsequent annealing steps, corresponding to the spectra plotted in Fig. 3 In reference [31] , the ratio between the step height of the amorphous features at 1245 cm -1 , with respect to the background intensity above 1400 cm -1 and the height of the first order diamond line, was used as a figure of merit (defined as the to estimate the degree of amorphization in the crystal structure. In Fig. 6 the amorphous fraction is plotted at different stages of the material processing, where the initial value of in the implanted material decreases to 6% in the final structure.
Finally, it is worth noting the high quality of the Raman spectra from the bottom surfaces after the lift-off of the patterned areas. Their first order Raman lines are only very slightly downshifted and widened (see Fig. 4 ). In addition, the spectra do not exhibit measurable
Raman features related to disorder (see Fig. 5 ), thus leading to very small or null values (see Fig. 6 ). This can be expected since such regions extend beyond the range of the implanted ions, but it also indicates that any non-diamond carbon phases are very efficiently removed in the etching process. Furthermore, the surfaces are extremely smooth and regular. Surface roughness measurements performed with Atomic Force Microscopy (AFM) confirm that its RMS roughness is 2 nm, which is comparable to that of the original diamond surface. This fact indicates that in the lift-off process, the damage threshold defines a very sharp interface between the diamond structure and the etchable layer. The ability to create microstructures with smooth surfaces is extremely relevant for photonic-based applications.
Photoluminescence. PL spectra were acquired with the same experimental setup used for
Raman spectroscopy, using a =514 nm excitation light from an Ar + laser; the excitation power was focused to a spot diameter 1 m, with intensity 100 kW cm -2 . Fig. 7 shows spectra from the induced luminescence from undercut regions, acquired at different 11 stages of the final 1100 °C annealing. Spectra collected at cryogenic temperatures from pristine and undercut regions are also reported for comparison. The PL features characteristic of the diamond NV 0 and NV centers [9] are clearly visible in the spectrum from the pristine region. In the undercut regions this spectrum is superimposed with fringes that are attributed to the interference of induced PL radiation after multiple internal reflections in the free standing structure, as schematically shown in the inset. It can be observed that the fringe visibility improves as the structure progressively recovers the original optical transmittivity and the etched bottom surface becomes smoother and more reflective.
The thickness of the free standing diamond layer was estimated from the period of the interference pattern at normal incidence, using the formula [35] :
where d is the layer thickness, is the refractive index of diamond, and 1,2 are the wavelengths corresponding to two consecutive maxima (or minima) in the interference pattern. The resulting thickness is d = (3.4 0.1) m. Using this value, and the damage profile plotted in Fig. 1 , we estimate that the threshold value upon which the diamond structure is not recovered upon thermal annealing in our samples to be 9×10 22 vacancies cm -3 . It should be noted that the uncertainty in the layer thickness, although relatively small ( 3%), determines a large uncertainty in the estimation of a such threshold value. Moreover, the refractive index of pristine diamond was used.
Nonetheless, our estimation of the damage threshold is significantly higher than the value of 1×10 22 vacancies cm -3 reported by Uzan-Saguy et al. [27] . It is worth noting that, if a threshold value of 1×10 22 vacancies cm -3 was used, the corresponding layer thickness would be significantly lower ( 2.8 m) than the estimations from both interferometry and SEM measurements. We believe this discrepancy can be resolved by considering the differences between the implantations used in the present study and in the cited work. In reference [27] heavy ions at sub-MeV energies were used to create a shallow (<170 nm) damaged layer which was exposed to the sample surface. In our case, the sacrificial layer was deeply buried under a large, relatively intact, diamond cap layer preventing the expansion associated with the conversion to the less dense non-diamond phases.
Therefore, the high internal pressure may effectively raise the threshold damage level at which the diamond structure is not recovered upon thermal annealing. Previous works [36, 32] indicate that in MeV ion implantation of diamond, the damage process at the end of ion range is prevented by large internal pressure, and that a buried structure damaged above the critical value of 1×10 22 vacancies cm -3 , can even re-convert entirely to diamond upon thermal annealing.
Conclusions
The creation of three-dimensional microstructures, such as cantilevers and waveguides, was demonstrated in bulk single crystal diamond with a FIB-assisted lift-off technique.
The method presented is based on the following steps:
2 MeV He + ion implantation, to create a buried highly damaged layer; Interferometry measurements from the photoluminescence spectra allowed the estimation of the thickness of the free-standing layers. When compared with the density profile of damage created by 2 MeV He + implantation, the estimated damage threshold above which the diamond structure is not recovered upon thermal annealing is estimated to be 9×10 22 vacancies cm -3 , which is significantly higher than what previously estimated for shallow sub-MeV implantations [27] . This discrepancy is attributed to the large internal pressure applied to the buried damaged layer by the surrounding diamond structure. shows the Raman spectra from the implanted sample, before and after the first annealing steps, together with a reference spectrum from glassy carbon. Figs. 3b and 3d show spectra from the cantilever microstructure, before and after the 1100 °C annealing, respectively. The spectra were acquired from different regions of the microstructure, as shown in the inset figure. The spectra reported in the same graph are normalized to the intensity of the first-order diamond line, and displaced vertically for clarity.
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